We have characterized mutations in the early arrest gene, harpy (hrp), and show that they introduce premature stops in the coding region of early mitotic inhibitor1 (Rca1/emi1). In harpy mutants, cells stop dividing during early gastrulation. Lineage analysis confirms that there is little change in cell number after approximately cycle-14. Gross patterning occurs relatively normally, and many organ primordia are produced on time but with smaller numbers of cells. Despite the lack of cell division, some organ systems continue to increase in cell number, suggesting recruitment from surrounding areas. Analysis of bromodeoxyuridine incorporation shows that endoreduplication continues in many cells well past the first day of development, but cells cease endoreduplication once they begin to differentiate and express cell-type markers. Despite relatively normal gross patterning, harpy mutants show several defects in morphogenesis, cell migration and differentiation resulting directly or indirectly from the arrest of cell division. Developmental Dynamics 239:828-843,
INTRODUCTION
Development often progresses through an early phase of proliferation of multipotent progenitors followed by specification and differentiation of specific cell types. During this time, the rhythm of the cell cycle undergoes a dramatic slowing, shifting from rapid cleavage divisions to the long regulated cell cycle typical of differentiated tissues. In most cases, the shift from proliferation to differentiation is gradual and involves prolongation of one or both ''gap'' phases as cells react to various environmental signals (Kane et al., 1992; Kane and Kimmel, 1993; Zamir et al., 1997; Reviewed in Baker, 2007; Nogare et al., 2007; Ulloa and Briscoe, 2007; Orford and Scadden, 2008) . Proliferation is necessary to generate a sufficient number of cells to support larvae and then adult functions, but it also plays several direct and indirect roles in tissue patterning. For example, proliferation can promote ''community effects'' whereby the size of a population modifies responses of individual cells to inductive cues (Gurdon et al., 1993; Schilling et al., 2001 ). In addition, many organ systems develop from morphogenetic fields, groups of cells coordinated by diffusion gradients of growth factors that, depending on concentration, specify diverse cell fates while spatially regulating the pattern of growth (Mariani et al., 2008) . On a more local scale, asymmetric cell division is a common mechanism for generating cell type diversity whereby daughter cells adopt different fates due to partitioning of cytoplasmic determinants during mitosis (Kuang et al., 2007; Knoblich, 2008; Orford and Scadden, 2008) . Thus, proliferation and patterning are finely balanced and coordinated during much of early development.
The requirement for early proliferation has been previously studied in Xenopus embryos by using hydroxyurea and aphidicolin to block entry into S-phase at different stages of development (Harris and Hartenstein, 1991; Rollins and Andrews, 1991) . Treatment during blastula stage severely perturbs embryonic patterning because there are too few cells to execute normal morphogenetic movements of gastrulation. In contrast, treatment during gastrulation results in development of a relatively normal body plan, with each region comprising fewer cells. Within the neural tube, an intricate array of primary neural cell types still forms, though later aspects of neural development are necessarily compromised without further cell division. Such findings underscore the surprising degree of precision afforded by cell-cell interactions.
Recently, Zhang et al. (2008) described a mutation in zebrafish early mitotic inhibitor 1 (emi1) that blocks mitosis just after the onset of gastrulation. The homologous gene in Drosophila has been identified by the mutation Regulator of Cyclin A (Rca1; Dong et al., 1997) . Rca1/emi1is an inhibitor of Anaphase Promoting Complex/ Cyclosome (APC/C), an E3 ubiquitin ligase that targets mitotic regulators for destruction (Reimann et al., 2001a,b; Miller et al., 2006; Di Fiore and Pines, 2007) . In the absence of Rca1/emi1, APC/C remains constitutively active and blocks entry into mitosis. In addition, Rca1/emi1 mutants continue to undergo endoreduplication, repeated cycles of DNA synthesis without mitosis, through at least early segmentation. This likely reflects APC/C-mediated destruction of Geminin, an inhibitor that normally blocks re-replication (Di Fiore and Pines, 2007; Machida and Dutta, 2007) . Consistent with data from mitotically blocked Xenopus embryos, gross patterning is relatively normal in Rca1/ emi1 mutants. Somites initially form normally and, indeed, the somitogenic clock operates with greater than normal precision, confirming the hypothesis that mitosis can interfere with the ability of individual cells to synchronize with their local cohort (Horikawa et al., 2006) . However, patterning within somites is perturbed, as cells that should form the central mesenchymal domain instead join the outer epithelial layer (Zhang et al., 2008) . Likely there are many other patterning defects arising directly or indirectly from the absence of cell division, as might be expected from the known effects of growth factors that mediate the salient cell-cell interactions.
Here, we describe two new mutations in Rca1/emi1 and show that they are allelic to the ''early arrest'' mutant harpy (hrp; Kane et al., 1996) . Using cell counting and lineage analysis, we show that the cell cycle arrest occurs at approximately cycle 14.
Using in situ hybridization to analyze markers of specification and differentiation, we show that although global pattern formation is normal, there are many diminutive developmental defects arising from cessation of cell division. Using transplantation between mutant and wild-type embryos, we find that the cycling defects are autonomous although some of the observed phenotypic perturbations are not. And from an analysis of bromodeoxyuridine (BrdU) uptake in the DNA of the mutant embryo, we find that endoreduplication continues well past 24 hr in the cycle arrested cells, with a major exception being cells that normally stop cycling early, e.g., cells that differentiate as specific neural or mesodermal cell types.
RESULTS

Identification of New Alleles of harpy
The mutant harpy was initially identified as an early arrest phenotype in the Tü bingen zebrafish screen for early morphogenetic mutants, represented by a single recessive allele ti245 (Kane et al., 1996) . The earliest visible phenotype seen using a dissecting scope was an abnormally bumpy head (Fig. 1A,B) accompanied by a shortened body axis, easily seen by comparing the distance between the nose and tail bud around the ventral aspect of the embryo. As development proceeds, mutant embryos were slightly smaller than normal at 24 hr and show little or no growth thereafter (Fig. 1C) . In contrast to the other early arrest mutants, cell death and necrosis was not apparent before 24 hr (Kane et al., 1996) , although afterward low numbers of cells appeared to be lysing throughout the embryo, especially in the central nervous system (CNS). (Evidence of low level cellular lysis based on pyknotic nuclei can be seen in Fig. 2H and throughout Fig. 7 .)
In a screen for neural patterning mutants, one of us (B.B.R.) recovered a recessive lethal mutation, termed x1, which causes a phenotype in which neurons were reduced in number but increased in size (Fig. 1D,E) . Further investigation of 4 0 ,6-diamidine-2-phenylidole-dihydrochloride (DAPI) -stained embryos showed similar changes in cell number and size throughout the embryo (Fig. 1F,G) , and DAPI staining of dissociated cells revealed that cell nuclei were greatly enlarged in cells from mutant embryos (Fig. 1F 0 ,G 0 ). The early morphological defects of x1 mutants resembled those of hrp ti245 and complementation testing confirmed the mutations were allelic. The new allele is henceforth designated as hrp x1 .
harpy Is a Mutation in Rca1/emi1
The altered number and size of cells in harpy mutants suggested a defect in the cell division cycle. The nuclei shown in Figure 1G 0 are more than twice the diameter of wild-type cells, suggesting that they might be at 8N or greater ploidy. In support, staining hrp x1 mutants for phospho-histone H3 revealed a gradual cessation of mitosis just after the onset of gastrulation. Few if any mitotic cells were detected at any stage after 8 hr ( Fig. 2A-F) .
Identical results were seen for the hrp ti245 allele (not shown). The mutation tiy121 of Zhang et al. (2008) that disrupts the mitotic regulator Rca1/emi1 produces a phenotype that closely resembles that of hrp. We confirmed that harpy maps within 1 cM of the map position of Rca1/emi1 (data not shown). On sequencing the alleles (Fig. 1H) , both contained nonsense mutations that truncate the Rca1/emi1 protein midway through the transcript: hrp ti245 has a stop codon within a putative nuclear localization signal and hrp x1 has a stop codon within the F-box domain, as well as two other changes in the coding region that introduce amino acid substitutions in the N-terminal half of the protein. (The tiy121 allele contains a premature stop codon that truncates the protein before the F-box domain. Hereafter, we refer to the tiy121 allele as hrp tiy121 ). Truncation of the C-terminus, which includes the Zn-binding region and other domains that are indispensable for Rca1/emi1 activity (Reimann et al., 2001a; Miller et al., 2006) , argues that all three harpy alleles are likely to be amorphic for Rca1/emi1 function. There is a fourth allele of hrp hi2648 that has been identified in the insertional screen in Nancy Hopkin's Laboratory at MIT Wiellette et al., 2004) ; this allele is caused by an insertion in the first intron and behaves as a hypomorph (Zhang et al., 2008; Rhodes et al., 2009 We performed several experiments to better characterize the timing and division characteristics of the cell cycle defect in harpy mutants. To confirm whether cell division is blocked, embryos were dissociated with collagenase at various stages of development and the number of cells was counted directly using a hemocytometer (Fig.  2G ). Wild-type embryos showed a steady increase from 4,600 6 1,100 cells at 6 hr to 82,600 6 11,800 cells at 24 hr. In contrast, hrp x1 mutants showed little change in cell number during this period, still comprising only 6,400 6 2,000 cells at 24 hr. These data are consistent with the phosphohistone H3 staining and confirm that cell division ceases soon after 6 hr in harpy mutants.
It was previously reported that hrp tiy121 mutants continue to synthesize DNA in endoreduplication cycles through at least 14 hr (Zhang et al., 2008) . We examined BrdU incorporation in hrp x1 mutants at later stages to determine the persistence of these cycles. Despite the lack of cell division, many cells continued to synthesize DNA throughout the segmentation period, shown by BrdU incorporation over a 10-hr period (Fig. 2H) . To explore the duration of endoreduplication, we used shorter pulses (45 min) at times up until 48 hr. We found that the intensity of label in mutants was slightly lower than wild-type embryos at 30 hr (Fig. 2I,L) . Afterward, at 42 hr, the apparent number of cells labeled decreased (Fig. 2J,M) , and at 48 hr, the only region of substantial labeling was in the tail (Fig. 2K,N) . Thus, endoreduplication continued well into day 2 of development, but eventually tended to stop in all but a few cells of the embryo. It is interesting to note that for all embryos, both wild-type and mutant, individual cells are either labeled intensely or not at all, suggesting that the cell cycle dynamics in the mutant might be similar to that in wild-type embryos, i.e., cells in the harpy mutants may contain a distinctive S-phase. These results are consistent with the results by Rhodes et al. (2009) using flow cytometry to document the appearance of 4 N and greater nuclei during the segmentation stages.
To precisely assess the cycle that is blocked in harpy mutants, we labeled individual cells in mutant and wildtype embryos in divisions immediately after the Midblastula Transition, noting the cell cycle when the cell was labeled. We later counted the number of labeled cells at the beginning of gastrulation (6 hr) and the next day (at approximately 30 hr). In these experiments, we labeled a single exterior blastomere with lineage tracer and followed the progeny over the next day of development. Cells at the surface of the blastula typically alternate between anticlinal and periclinal divisions; hence, after two divisions there are typically two enveloping layer cells and two deep cells. Because of the fate differences in enveloping layer cells and deep cells, we counted each cell type separately, and from those counts, using the starting clone cell cycle and the log to the base 2, we derived the average cycle number that was attained by each enveloping layer or deep cell clone. These experiments are summarized in Figure 3 and Table 1. In normal embryos, deep cells advance to cycle 14 by the beginning of gastrulation and division 14 (into cycle 15) tends to occur during early gastrulation (Kane et al., 1992; Kane and Kimmel, 1993; Kimmel et al., 1994) . On the other hand, enveloping layer cells typically arrest or slow their divisions at the beginning of epiboly: this temporary cycle arrest occurs in cycle 13 or, somewhat less frequently, in cycle 14. Within experimental error, these results were recapitulated in our studies. In both mutant and wild-type embryos, deep cells reached mid cycle 14 and enveloping layer cells only just reached cycle 14 at the beginning of gastrulation (Table 1 ; 6-hr time point).
Cell counts the next day revealed nearly a Â10 difference between the numbers of cells in clones in mutant and those in wild-type embryos. Clones in wild-type embryos underwent 2 to 3 rounds of division between the beginning of gastrulation and 30 hr, reaching mid cycle 16 for EVL clones and mid cycle 17 for deep clones. Our results at 30 hr are consistent with a normal value of 50 to 100 thousand cells in the 1-day embryo. In the same time period, EVL clones in mutant embryos did not divide at all and deep cell clones either did not divide or underwent 1 additional round of division. These results predict that there are approximately 10 thousand cells in the mutant embryo at the time of arrest.
For many of the above experiments, we also time-lapse recorded several embryos (N ¼ 12) from the blastula stage until after the end of gastrulation tail bud stage and reconstructed partial lineages (Fig. 3) . Two pairs of wild-type and mutant lineages are shown, matched as ventral and dorsal examples. The wild-type examples were typical of this type of analysis: in the deep lineages there are many early divisions with major tissue restrictions occurring in the gastrula stage; in the enveloping layer lineages, the division rates tended to slow or arrest during epiboly. After gastrulation-and after recording-both lineages went through several divisions; we show the 24-30 hr fates and their numbers present on the next day. In the mutants, cell divisions occurred normally before gastrulation and then arrested just after the onset of gastrulation; when we checked the embryos the next day, no more divisions were apparent.
Global Patterning Was Normal in harpy Mutants but Local Patterning Was Not
In terms of the cell types produced by the above lineages, the lineage Developmental Dynamics In each embryo, an individual blastomere was labeled at cycle 11 or 12 and followed by time-lapse video microscopy through early segmentation. Each is restricted to a deep cell lineage (d) or an EVL (e) lineage at the cycle after labeling. The reconstructed cell lineage is displayed by cell cycle. Twenty-four hour histotypes and cell counts for the clones are shown at the bottom of the lineage tree, and left side views of the 24 hr embryos are shown below. E-I: Comparison of different cell types at 24 hr. Whereas notochord cells (E) were normally sized in the mutants, neurons (F) and muscle cells (G) were larger, and blood cells (H) and periderm cells (I) were supersized. In our lineage studies we never saw axons sprouted from presumptive neurons in mutants. Wild-type cells, green; harpy mutant cells, red. edc, endothelial cell; hgl, hatching gland; mus, muscle; nc, notochord; pdm, periderm; rbc, red blood cell. Scale bar ¼ 100 mm in E-I.
relationships in harpy mutant embryos are simple versions of development in wild-type embryos. Notochord lineages are normally related to muscle lineages and blood lineages are normally related to endothelial lineages, and, respectively, such examples are shown in Figure 3A ,B and Figure  3C ,D. At 30 hr, the labeled cells in the clones gave an agnostic glimpse into the morphology of individual cells in the mutant embryos. Cells that normally have their terminal mitosis in the gastrula tended to appear normally sized in the mutants. For example, notochord cells ( Fig. 3E ) seemed to be completely normal (although the sheath cells surrounding them were larger than normal, data not shown). Neurons ( Fig. 3F ) and muscles (Fig. 3G) were slightly larger than normal; however, neurons tended not to sprout axons, and muscle cells were often dumpy and did not always span an entire somite. On the other hand, cells that normally divide many times in the embryo, such as blood ( Fig. 3H ) and periderm ( Fig. 3I) , became supersized versions of their wild-type counterparts. In the case of the blood cells, these cells were actually bigger than the blastomeres that produced them, suggesting that some process-we suggest endoreduplication-might be occurring in these particular cells that is causing abnormal cell sizing.
Many aspects of early development are relatively normal in harpy mutants: defects do not appear during cleavage, early epiboly, nor the beginning of gastrulation. harpy mutants can first be identified morphologically Note the gaps between the large cells of the mutant floor plate and hypochord. bmn, branchio-motor nuclei; dc, diencephalon; ep, epiphysis; ed, endoderm; fp, floor plate; hbn, hindbrain neurons; hc, hypochord; mhb, midbrain-hindbrain border; nc, notochord; os, optic stalk; ov, otic vesicle; pcr, pancreas; pp, pharyngeal pouch; pmn, primary motor neurons; prn pronephric neck; prt pronephric tubule; prd, pronephric duct; px, pharynx; rb, Rohon-Beard sensory neuron; scn, spinal cord neurons; tc, telencephalon; vb, ventral brain. Scale bar ¼ 100 mm in A,C,E,H,L,N, 40
at 14 hr when they exhibit shortened AP axes (Fig. 1A,B ). This appears to reflect slowing of convergent extension (Fig. 1D,E) as cells begin to increase in size. Neurogenin staining revealed that many neural progenitors are already enlarged at 10 hr and the neural plate is roughly 30% wider than normal (data not shown); anti-HuC staining showed that it still appeared wider than normal at 16 hr (Fig. 1D,E) . The neural tube approaches normal width by 24 hr, but in the head region the neural tube becomes thinner than the wild-type especially in the anterior brain regions.
To provide a global view of specification in the mutant, we examined the mRNA expression patterns of pax2a, islet1, and foxa2, genes which are expressed in many different tissues of the embryo (Fig. 4) .
pax2a mRNA is expressed in cells in the midbrain-hindbrain border, reticulospinal and spinal interneurons, otic placode, and pronephros (Krauss et al., 1991a) . In general, all of these cell types were produced at the correct times and locations in harpy mutants ( Fig. 4A-D) . As expected, based on the division arrest phenotype, there were fewer cells present and they were larger than normal; however, there was a distinct impression that there was less tissue expressing pax2a. This was best seen in the interneurons of the spinal cord, where many regions in the mutant were devoid of pax2a-expressing cells, and also in the hindbrain, which normally has almost a continuous layer of expression in the reticulospinal layers (Fig. 4B,D ). There were numerous other defects, notably, the otic vesicle was smaller (discussed below) and expression in the proximal portion of the pronephric tubule was absent.
islet1 is expressed in cells of the neurectoderm, in the epiphysis, in nuclei of the telencephalon and the diencephalon, and in branchiomotor neurons, primary motor neurons and Rohan-Beard sensory cells (Korzh et al., 1993; Inoue et al., 1994) . In harpy mutants (Fig. 4E-K ) the general pattern of expression was normal, and, with the caveat mentioned above due to the lack of cell division, tissue expression was not as diminished as in the case of pax2a expression. A nice example of normal expression was that of the branchiomotor nuclei overlying the pharynx, which appeared almost normal in the mutant (Fig. 4H inset) . The major exception to this general observation was the complete absence of islet1 positive nuclei in the telencephalon and diencephalon of the forebrain, and the almost complete loss of the epiphysis (Fig. 4E,H ). Patterning at the cellular level was also abnormal in many regions. Typically, RohonBeard cells and primary motor neurons are reiterated paired structures of the spinal cord (Fig. 4F,G) ; in the mutant there were many missing cells (Fig. 4I-K) often represented by one very large cell on only one side of the spinal cord in tissue sections.
islet1 is also expressed in the endodermally derived portions of the pharynx and the pancreas. These tissues are dramatically reduced. The endodermal portion of the pharynx is the light expression underneath and caudalward of the branchio-motor nuclei, seen in the inset in Figure 4E ; this was reduced in the mutant. islet1 is expressed in the endocrine portion of the pancreas; this expression was also reduced in the mutant (Fig.  4F,I ). Similar to expression in the pancreas, both of these tissues are among the earliest tissues to proliferate in the developing embryo; in the absence of growth, only founder cells would be present and one would expect the region of expression to appear smaller but not necessarily weaker, and that is what we observed.
foxa2 (also called axial) is expressed in the ventral CNS of the forebrain, the floor plate neurons of the spinal cord, in the mesodermally derived hypochord, and in the endoderm (Strä hle et al., 1993; Odenthal and Nü sslein-Volhard, 1998) . Normally the floor plate and hypochord are arranged as rows of single cells, as seen in Figure 4M . In the mutant, the two tissues were patterned normally but cellular organization was constrained by the reduction in cell number: both tissues formed a single row of oversized cells which exhibited large gaps (Fig. 4O) . On the other hand, the ventral forebrain (Fig. 4L,N) and the mutant pharynx (Fig. 4N inset) showed defects in line with the lack of growth in both of these tissues.
Neural Specification
We focused on perturbations in the nervous system using the mRNA expression patterns of deltaA, notch1B, and fgf8, and protein expression patterns of Pax7, 3A10, Grasp, and acetylated tubulin (Fig. 5) .
Notch and Delta control neuronal cell fate and proliferation in the vertebrate nervous system much like in Drosophila. Notch expression is generally associated with proliferative zones of undifferentiated cells; these cells are thought to consist primarily of neural stem cells (Bierkamp and Campos-Ortega, 1993) . Delta expression is found in scattered cells within proliferative zones; these cells have become post mitotic and are differentiating into neurons (Appel and Eisen, 1998; Haddon et al., 1998) .
We found that the expression pattern of deltaA was mostly normal in the CNS of harpy mutants (Fig.  5A,B) , although the number of positive cells was reduced. The differences that were observed seemed caused by the large cell size and the reduced number of cells in the mutant CNS. However, notch1b expression was severely reduced throughout the CNS of the mutants (Fig. 5C,D) , suggesting that neural stem cell populations diminished in the mutant.
fgf8 is expressed normally in the neural plate during gastrulation (not shown) and continues to be expressed in the midbrain-hindbrain border through 24 hr (Reifers et al., 1998) , as seen in Figure 5E . However, harpy mutants also showed an ectopic stripe of fgf8 expression in rhombomere 4 of the hindbrain (Fig. 5F ). This represents an expression domain that is normally lost in wild-type embryos by 14 hr (Kwak et al., 2002) , but which was aberrantly retained in harpy mutants.
anti-Pax7 marks a population of neural crest cells that migrate extensively and are often seen migrating over the surface of the eye and into lateral regions where cranial placodes and pharyngeal arches form. These cells were produced in harpy mutants, as shown by the presence of migratory Pax7-expressing cells in the head and anterior trunk (Fig. 5G,H) ; however, they were never observed beyond the lateral edges of the brain, suggesting that migration is impaired.
Pathfinding
Axon pathfinding relies on stereotyped molecular cues provided by other cells. We asked if axonal pathfinding was perturbed in harpy mutants, because cues are likely to be missing due to early cessation of cell division.
3A10 antibody marks Mauthner cells (Metcalfe et al., 1990) ; these large neurons normally extend axons across the midline to join the contralateral medial longitudinal fascicle. Mauthner cells always formed in harpy mutants. However, in approximately a third of the mutants, Mauthner cells failed to extend axons or showed highly aberrant axon trajectories (Fig.   5I ,J), in line with the almost complete lack of axons in lesser neurons.
Grasp-positive commissural neurons in the hindbrain normally decussate near rhombomere boundaries to form a regular array of commissures , but in harpy mutants commissural axons formed highly chaotic patterns (Fig. 5K,L) .
Acetylated tubulin antibody labels mature axons, and is strongly expressed in axons of the 24 hr embryo (Fig. 5M) . In harpy mutants, although neurons with axons are present, they only expressed acetylated tubulin in the tail (Fig 5N) or not at all.
Placodal Specification
In Figure 6 , we focused on placodal structures and other structures that interact with the epidermis, using the mRNA expression patterns of dlx3b, pax2a, fgf8, and ncad. Most of these structures are induced and their morphogenesis requires many cellular interactions, which could be comprised by the abnormally large size of the mutant cells.
dlx3b mRNA is normally expressed in the nasal, lens, and otic placodes (Akimenko et al., 1994) , shown in Figure 6A . In the harpy mutant, dlx3b was expressed in far fewer cells (Fig.  6B) , indicating that at 24 hr some placodal structures do not contain the correct cell number or that some cells are not yet completely specified. The lens forms in harpy mutants and gives rise to a small but relatively normal lens, but failure of the eye-cup to expand properly leads to extrusion of the lens by 24 hr (Fig. 6C,D) . The otic vesicle remains small and usually produces only one or two hair cells with a single otolith (Fig. 6E,F) . Reliable support cell markers are not available in zebrafish, but the macula remains essentially a single layer rather than stratifying into apical hair cell-and basal support cell-layers. Additionally, the macula shows little or no expression of fgf8 (Fig. 6G,H) , which normally marks both hair cells and support cells of the developing maculae (Leger and Brand, 2002; Millimaki et al., 2007) . pax2a mRNA expression appeared in fewer cells in the mutant otic vesicle at 24 hr (Fig. 6I,J) , consistent with its morphology and dlx3b expression at that time. Nevertheless, early development of the otic placode was surprisingly normal in harpy mutants, as shown by Pax2-staining at 12 and 14 hr (Fig. 6K-N) . Moreover, despite the absence of cell division, the number of Pax2-positive cells nearly doubled between 12 and 14 hr in mutants (19.2 6 3.8 cells at 12 hr, n ¼ 6; 37.2 6 4.4 cells at 14 hr, n ¼ 8), which is similar to the fold-increase seen in wild-type embryos (82.9 6 7.9 at 12 hr, n ¼ 8; 130.2 6 7.7 at 14 hr, n ¼ 5) This suggests that early expansion of the otic territory occurs by ongoing otic induction or recruitment, not cell division.
Lastly, ncad mRNA is expressed in many regions of the embryo; here we use it to visualize the lateral line 
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primordia. This group of cells moves down the lateral sides of the embryo and leaves small rosettes of cells that develop in the sensory structures of the lateral line (Fig. 6O) . In the mutant, this structure was small and often difficult to find; when we did find it (Fig. 6P) , it was hidden in various locations, somewhat randomly, on the sides of the embryo or the yolk sac.
Relationship Between Endoreduplication and Differentiation
During normal development, cell divisions become asynchronous and slower as cells begin to differentiate (Kane et al., 1992; Kane and Kimmel, 1993; Kimmel et al., 1994; Zamir et al., 1997) . We hypothesized that the slowing of endoreduplication might be related to the initiation of cytodifferentiation that occurs beginning in the segmentation stages of development. This must occur in only a fraction of the total number of cells because most cells at these stages continue to show S-phase in both mutant and wild-type embryos (Fig. 7A,B) . To test this, we examined patterns of BrdU incorporation in embryos stained with markers of various specified and differentiated cell types. We used three antibodies known to label early neuronal and mesodermal cell types: Anti-Islet1/2 antibody stains Rohon-Beard sensory neurons, primary motoneurons and trigeminal ganglion neurons by 10 hr (Inoue et al., 1994) . Anti-Engrailed antibody labels the midbrain-hindbrain border and muscle pioneer cells (Hatta et al., 1991) . Anti-Pax2 antibody, which primarily binds Pax2a protein (Riley et al., 1999) , labels cells in the midbrain-hindbrain border, otic placode, pronephros, reticulospinal neurons in the hindbrain, and CoSA spinal interneurons (Krauss et al., 1991b; Mikkola et al., 1992) . 3A10 antibody labels Mauthner neurons (Metcalfe et al., 1990) .
To assess whether DNA synthesis occurred in these cells during the segmentation stages, BrdU was injected at 12 hr and embryos were fixed and co-stained at 19 hr or later for BrdU and the individual cell type markers. Many of the specific cell types expressing the above markers did not show BrdU incorporation (Table 2 ; Fig. 7D-I ), though BrdU was detected broadly in surrounding cells. In particular, BrdU incorporation was not seen in muscle pioneers, Rohon-Beard sensory neurons, primary motoneurons, trigeminal cranial ganglia, Mauthner, reticulospinal, and spinal interneurons, all cell types that are known to have early terminal mitoses (Mendelson, 1986; Myers et al., 1986; Mikkola et al., 1992; Hirsinger et al., 2004; Won et al., 2006; Caron et al., 2008; Rossi et al., 2009) .
In contrast, BrdU was detected in a small fraction of Pax2-staining cells in the developing pronephric duct, within the otic vesicle and in the midbrain-hindbrain border (Table 2 ; Fig.  7C and data not shown). Each of these domains generate multiple diverse cell types many of which do not differentiate until later. Together, these findings are consistent with the hypothesis that the process of endoreduplication does not continue after cells have begun terminal differentiation, but may still occur during earlier stages of organogenesis.
harpy Acts Both CellAutonomously and Cell Non-autonomously To ask if the division characteristics and the cell morphology of the harpy mutant were cell autonomous, we transplanted mixtures of wild-type and mutant cells into wild-type or mutant host embryos, as described previously (Ho and Kane, 1990) . In brief, cells from two donors, one labeled with rhodamine-dextran and one labeled with fluorescein-dextran, were transplanted into one host; donors were genotyped based on their 24 hr phenotypes. We recorded the phenotypes of the individual donor cells as well as the number of cells that were produced by cell division. In general, we found that most of the division and phenotypic characteristics that we identified in our lineage work above were autonomous to the genotype of the transplanted cells. Figure  8 shows examples of transplanted wild-type and mutant cells placed in either wild-type or mutant hosts. Notably, harpy mutant cells that became neurons were larger than their wild-type counterparts, regardless of the genotype of the host. Muscle cells, as noted above, were almost normal in size. However we did note some nonautonomous effects: Normally, harpy mutant neurons tend not to sprout axons. We found that wildtype cells placed in the CNS of harpy mutants also tended not to sprout axons (Fig. 8B,D) , whereas harpy cells in wild-type CNS sometimes did (Fig. 8C) . We interpret this to mean that some developmental environments in the mutant are not normal. This is an interesting result because Rca1 (in Drosophila) might have some role in axogenesis (Dong et al., 1997) . At least in vertebrates, this may be a minor effect compared with nonautonomous effects in the embryonic CNS.
Normally, cells that enter the neural keel have a tendency to divide at the midline with the daughter sibs often moving to opposite sides of the forming neural tube. We noted that when mutant cells were transplanted into the CNS of wild-type or mutant embryos, the mutant cells tended to stay on one side of the neural keel (Fig. 8E,F) even when their wild-type co-transplanted cells moved to both sides.
We also counted the number of donor cells at 30 hr in our host embryos. For each chimera, 2 to 3 cells from two separate individuals were placed into a host embryo in the late blastula. The cell cycle number at this time would be approximately cycle 12 or 13. Immediately after the transplant, each chimeric embryo was recorded. Then at 6 hr, just before gastrulation, the number of cells in the chimera was reinspected and recorded; similarly at 30 hr. Regardless of host genotype, harpy mutant cells do not tend to proliferate after 6 hr whereas wild-type cells do (Fig. 8G) .
To test whether the mitotic block in harpy mutants is cell autonomous, we produced mosaic embryos by transplanting cells from biotin-dextran labeled donor embryos to unlabeled host embryos during blastula stage, fixed the embryos at 24 hr, and double stained them with a horseradish peroxidase reaction product to detect donor cells and anti-phospho histone H3 to detect mitotic cells. When we transplanted cells from a mutant into a wild-type embryo, we found that mutant cells never expressed phosphohistone H3, indicating that they do not enter mitosis (Fig. 8H) . Labeled wild-type controls divided normally, even when transplanted into a mutant host (Fig. 8I) . These data confirm that disruption of harpy function blocks mitosis cell autonomously.
DISCUSSION
We have shown that harpy and Rca1/ emi1 mutations are allelic and have further characterized the cell cycle defect in the mutant as well as its developmental consequences. Mutants show a global block to mitosis beginning early in gastrulation, after which some cells continue to grow in size as they undergo endoreduplication. Despite this cell cycle defect, most aspects of global patterning occur 
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relatively normally, though there are also numerous local defects that are likely attributable to loss of proliferation or abnormal cell size.
The relatively normal global patterning seen in harpy mutants is reminiscent of previous studies in Xenopus showing that early patterning and cell type differentiation are surprisingly normal in embryos blocked in DNA synthesis by exposure to hydroxyurea and aphidocolin (Harris and Hartenstein, 1991; Rollins and Andrews, 1991) . In earlier studies on the analysis of early blood specification, we have documented that in harpy mutants differentiation occurs on time for three major early blood histotypes although the numbers of cells are reduced (Warga et al., 2009) . These findings underscore the remarkable regulative capacity of vertebrate embryos and further indicate that cell fate is influenced primarily by cell-cell interactions rather than lineage-restricted cell fate determinants.
The Basis for Local Developmental Defects
Development with relatively few cells of large size would likely impose significant spatial and geometrical constraints on the morphogenesis of some structures. For example, formation of thin elongate structures such as the floor plate and hypochord requires finer precision than can be accommodated in harpy mutants, possibly accounting for the spatial gaps noted in these structures (Fig. 4O) . Additionally, complex organ systems requiring assembly of large numbers of cells is often compromised in harpy mutants, as seen in the severely dysmorphic otic vesicle (Fig. 6F) and extrusion of the lens from the eye (Fig. 6D) . Reduced numbers of cells would also tend to limit cell type diversity, thereby disrupting essential local signaling interactions. This could account for abnormal migration of neuronal growth cones and neural crest cells (Fig.  5H,J,L) . Indeed, mutant neurons developing within a wild-type host often showed improved axonogenesis, reflecting some degree of rescue from non-autonomous functions within the wild-type environment (Fig. 8C) .
Large size alone probably perturbs certain cellular process required for proper development. For example, increased cell size could adversely affect cell signaling by altering rates of diffusion of secreted factors or by hampering the efficiency of signal transduction due to reduced surface:volume ratio. In some cases, defects in migration could also arise from mechanical changes in membrane/cytoskeletal dynamics of enlarged cells. Thus, the delay in convergence-extension movements seen in harpy mutants (Fig.  1B,E ) could reflect sluggish cell movement or weakened signaling required for planar cell polarity.
The lack of cell division itself also likely perturbs some aspects of patterning and morphogenesis. In wildtype embryos, for example, cell divisions are oriented nonrandomly during late gastrulation and may contribute somewhat to convergence and extension (Kane et al., 1992; Kane and Kimmel, 1993; Kimmel et al., 1994; Concha and Adams, 1998) ; such forces would be absent in the mutant. Cell division in the wild-type neural tube often separates daughter cells into right and left hemisegments where they enter equivalent cohorts of cells and often adopt similar fates (Kimmel et al., 1994; GeldmacherVoss et al., 2003) . Disruption of this process in harpy mutants possibly accounts for the asymmetric deficiencies in Rohon-Beard sensory neurons and primary motoneurons (Fig. 4I-K) . This phenomenon is not limited to primary neural cell types, as there was a strong general tendency of mutant clones in wild-type hosts to remain isolated on one side of the neural tube (Fig. 8E,F) . Development of many organ systems relies on maintaining a pool of stem cells or cycling progenitors. In the nervous system, for example, ongoing division of progenitors generates successive layers with distinct cell fates. The loss of proliferative centers in the brain of harpy mutants is reflected by the near absence of notch1b expression (Fig. 5D ) and is likely responsible for a severe deficiency of many neural cell types (Figs. 4D, 5L,N) . Similarly, the pancreas normally undergoes dramatic mitotic expansion but in the mutant it remains very small (Fig. 4H) .
The Relationship Between Endoreduplication and Differentiation
BrdU incorporation shows that in mutants endoreduplication continues in a large fraction of cells past 24 hr but gradually ceases by 48 hr or soon thereafter. A recent study by Rhodes et al. (2009) confirms that cells in harpy hypomorphic mutants also continue to undergo eudoreduplication. Similar results have been obtained with cultured mammalian cells, in which depletion of Rca1/emi1 leads to limited endoreduplication with accumulation of greater than 4N DNA content (Di Fiore and Pines, 2007; Machida and Dutta, 2007) . Endoreduplication eventually stops in cultured cells due to accumulation of DNA damage, which activates checkpoint kinases that halt further DNA synthesis (Verschuren et al., 2007) . A similar process of checkpoint-mediated senescence could account for cessation of DNA synthesis in at least some cells in harpy mutants. However, the complex pattern of BrdU incorporation revealed dramatic variation in the time when different cells cease endoreduplication, suggesting that cells are not regulated in a uniform manner and that some other process influences endoreduplication. Indeed, our findings suggest that differentiation accounts for much of this variation, allowing some cells to withdraw early from endoreduplication. Specifically, analysis of early differentiating cell types in harpy mutants showed that these cells no longer incorporate BrdU after 12 hr ( Fig. 7 ; Table 2 ), similar to their wild-type counterparts. Conversely, cell types that proliferate extensively in wildtype embryos, such as blood cells and periderm, grow to an especially large size in harpy mutants (Fig. 3H,I ), suggesting they undergo additional rounds of endoreduplication in lieu of cell division. Other developing tissues that continued to show sporadic BrdU-incorporation include the pronephros, otic placodes, and the midbrain-hindbrain border. In each of these cases, expression of pax2a was used to mark early stages in the development of these organ primordia rather than formation of terminally differentiated cell types. Thus, escape from endoreduplication in harpy mutant cells correlates with terminal differentiation, but not earlier steps in cell fate specification of lineage restriction.
The precise relationship between differentiation and cell division is only partially understood. The maternalzygotic transition in zebrafish begins at the tenth division, after which cell cycles lengthen and become asynchronous as cells begin to take on different fates (Kane et al., 1992; Kane and Kimmel, 1993) . Cells fated to become primary neurons become postmitotic as early as cycle 16 whereas secondary neurons are born in cycle 17 or later (Kimmel et al., 1994) . Differentiating cells can modulate the rate of cell division by changing expression levels of cell cycle inhibitors, such as Rb and Cip1/Kip1/p21, which repress E2F-dependent expression of Cyclins (reviewed by Robinson et al., 2002; De Falco et al., 2006; Bicknell et al., 2007; Besson et al., 2008) . This includes Cyclin E, which is required for entry into S-phase as well as endoreduplication (Knoblich et al., 1994; Geng et al., 2003; Parisi et al., 2003) . Hence, the process of differentiation could block endoreduplication in harpy mutants by p21/Rb-mediated repression of Cyclin E.
Consequences of Elevated Anaphase Promoting
Complex/Cyclosome (APC/C) Activity in harpy Mutants APC/C is an E3 ubiquitin ligase that normally targets mitotic Cyclins and Geminin for destruction, cyclical regulation of which is necessary for coordinating DNA synthesis and cell-cycle progression (Reimann et al., 2001a; Miller et al., 2006; Di Fiore and Pines, 2007; Machida and Dutta, 2007) . We infer that APC/C remains constitutively active in harpy mutants, as has been shown in Drosophila, Xenopus, and mammalian tissue culture after disruption of Rca1/emi1 (Reimann et al., 2001a; Grosskortenhaus and Sprenger, 2002; Machida and Dutta, 2007) . This model accounts for the cellautonomous block to mitosis in harpy mutants (Fig. 8H) as well as ongoing endoreduplication. This model also accounts for the high frequency of cells that escape the mitotic block in the hypomorphic allele of harpy in the study by Rhodes et al. (2009) .
Constitutive APC/C activity could explain some of the developmental defects seen in these mutants. APC/C is known to target regulatory proteins required for axon growth and synaptic function (Juo and Kaplan, 2004; Konishi et al., 2004; van Roessel et al., 2004; Stegmuller et al., 2006) . Although some aspects of axonogenesis in mutant neurons were rescued by development within a wild-type host (Fig. 8C) , rescue was neither uniform nor complete, indicating that at least some cell-autonomous defects contribute to axonal defects. APC/C also targets Id-related helix-loop-helix (HLH) proteins, which normally inhibit differentiation by antagonizing neurogenic and myogenic basic HLH (bHLH) proteins (Lasorella et al., 2006) . While in principle rapid clearing of Id proteins in harpy mutants could accelerate differentiation, we detected no instances of precocious expression of cell type markers. On the other hand, we did observe that an early pattern of expression of fgf8 in the hindbrain is abnormally retained through at least 24 hr in harpy mutants (Fig. 5F ), possibly reflecting failure in the normal progression of interactions between diverse cell types.
Our short pulse BrdU incorporation studies ( Fig. 2I-N) suggested that endoreduplication is occurring in harpy mutants. What with the strong labeling of a fraction of the cells with only few intermediately labeled cells, cells seem to be either in S-phase or not, much like S-phase in cells in wild-type embryos. Nevertheless, our work only partially clarifies the dynamics of S-phase in the mutants: although we refer to multiple rounds of DNA synthesis as endoreduplication, this term is often used to suggest that cells undergo definite S-phases separated by a G-phase. In principle, we do not know if there is a G-phase because we have not measured the Sphases delimiting this hypothetical G-phase. Second, when Rca1/emi1 is ablated, the APC/C could target geminin for degradation and it would become possible to allow re-initiation of DNA synthesis, termed re-replication (Sivaprasad et al., 2007; Porter, 2008; van Leuken et al., 2008) . Because we see only slightly higher numbers of positive nuclei with long pulses, it is possible that a large subset of the cell population may be in rereplication. Clearly, further experiments will be needed to answer these questions.
EXPERIMENTAL PROCEDURES Fish Strains, Staging, and Genotyping
Wild-type zebrafish strains were derived from the AB line (Eugene, OR) or the tupLongfin line (Tü bingen, Germany). Embryos were developed in fish water containing methylene blue at 28.5 C and staged according to standard protocols (Kimmel et al., 1995) . hrp ti245 was recovered in a large-scale ENU-mutagenesis screen (Haffter et al., 1996) . hrp x1 was induced by postmeiotic ENU-mutagenesis (Riley and Grunwald, 1995) and recovered in a small-scale screen.
Lineage Tracing and Time Lapse Analysis
Cell labeling was adapted from protocols previously described in Warga and Nü sslein-Volhard (1999) and in Warga et al. (2009) . Briefly, an individual blastomere was labeled at the 1K-cell stages with a 5% solution of rhodamine-dextran (10,000 MW; Invitrogen, formerly Molecular Probes). Immediately after labeling, embryos were mounted in a 3% solution of methylcellulose (Sigma) and recorded in multiplane as described in Warga and Kane (2003) . Generally between 8 and 10 embryos were recorded simultaneously for up to 12 hr. Afterward, the recordings were analyzed using Cytos Software, as described in Kane et al. (2005) and in McFarland et al. (2005) .
Cell Transplantation
Transplantation was carried out between doming and 30% epiboly stage as described in Ho and Kane (1990) . In some of our experiments, we included the fixable tracer biotinylated-Dextran (Invitrogen). In such experiments, hosts were fixed in 4% paraformaldehyde, and the clone was visualized as described in Warga and Kane (2007) with the following modification: Diaminobenzidine (Sigma) was used as the enzyme substrate following protocols previously described in Warga and Nü sslein-Volhard (1999) .
Analysis of Gene Expression
Whole-mount in situ hybridization was carried out as described previously in Thisse et al., 1993) and Phillips et al. (2006) . Whole-mount immunostaining was performed as described in Riley et al. (1999) and Developmental Dynamics Phillips et al. (2006) using antibodies purchased from the Developmental Studies Hybridoma Bank directed against Grasp (zn8,1:100), Islet1/2 (39.4D5 1:100), Pax7 (1:150), 3A10 (1:20), or anti-HuC (ZIRC, Eugene OR, 1:100), or commercial antibodies against Pax2 (Covance, 1:100), phospho-histone H3 (Upstate 06-570, 1:350), or acetylated tubulin (Sigma, 1:2,00).
BrdU Incorporation
BrdU pulse labeling was performed as described by Phillips et al. (2006) using anti-BrdU (Beckton-Dickinson, 1:250).
DAPI Staining
Embryos were fixed and stained simultaneously for 15-20 min in a 4% paraformaldehyde solution in phosphate buffered saline containing 0.01% DAPI and either photographed immediately or disassociated by gently crushing between coverslips before photographing.
Dissociation of Embryos
To obtain cell counts, dechorionated embryos were incubated for 5-10 min at 37 C in modified Holtfretter's buffer (60 mM NaCl, 0.6 mM KCl, 0.9 mM CaCl, 5 mM HEPES pH 7.4) containing collagenase (Sigma C9891) at a concentration of 20 mg/ml (embryos at 12 hr or older) or 7 mg/ml (embryos at 6 hr). Embryos were monitored while gently triturating with a glass pipette until dissociation was complete. Dissociated cells were suspended in Hotfretter's buffer and counted with a hemocytometer.
